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INTRODUCTION
Chromosome 5 in barley contains two complex loci Hor-1 and Hor-2 encoding the C and B hordein polypeptides, respectively (21, 36) . These are the major storage proteins of the barley grain. Each group of storage proteins comprises a number of related polypeptides which differ in molecular weight, charge and peptide map (9, 18) . The B hordein polypeptides comprise 3 size classes, as shown by SDS gel electrophoresis, but further separation by isoelectric focussing identifies a number ofisoelectric variants in each size class (9) . A number of B hordein cDNA clones have been characterized and the amino acid sequences derived from them have shown the polypeptides to comprise three distinct domains (11, 30). The amino-terminal domain 1 contains permutated blocks of 4 to 6 proline and glutamine residues separated by a single or two other amino acids. In domain 2 blocks of glutamine and proline residues are more widely spaced and the presence ofcysteine + methionine is a characteristic feature. Comparison of cDNA clones indicates that variation in the domain 2 is due to amino acid substitutions as well as individual amino acid deletions. These may account for the isoelectric variants seen in each size class. The reason for the size variation within the B hordein family has yet to be established.
The gene copy number derived from Southern blot analysis of barley DNA indicates that the B hordein gene family is composed of 13 members (22) . The polypeptides are synthesized 15-25 days after fertilization in the developing endosperm cell on membrane-bound polysomes of the endoplasmic reticulum as larger sized pmcu[sors and co-translationally transported across the membrane concomitant with signal peptide cleavage (3, 6, 40) . They are ultimately deposited in the vacuole where they precipitate out as protein bodies (5, 7) . Upon extraction, the B hordein polypeptides will aggregate if a reducing agent is omitted in the extraction media, due to the high amount (3%) ofcysteine (33) . Ultrastructural analysis of seeds of a mutant (hor2ca) defective in B hordein synthesis has shown that there is a failure of the storage polypeptides to package into condensed protein bodies (7) . Owing to their ability to form intra-and intermolecular disulfide bridges it is likely that the B hordein polypeptides are responsible for the proper packaging of protein in the vacuole. In contrast, the C hordein polypeptides have a low amount of cysteine. C hordein is also particularly enriched in glutamine and proline, the C2 hordein polypeptide containing N 70% of these residues, as compared to a 50% content in the B1 hordein (33) . Knowledge of the primary structure of the storage polypeptides is essential in order to investigate the packaging process.
The expression of both gene families in the endosperm can be enhanced by the supply of nitrogen in the form of ammonium nitrate to cut developing spikes (14, 15) . The expression of C hordein genes increases linearly in response to increasing nitrogen supply. Although B hordein gene expression responds linearly to low levels of increasing nitrogen supply the response reaches saturation at levels far below the C hordein expression maximum. One might search for conserved nucleotide sequences of 5' and 3' flanking regions of different hordein genes to identify regulatory sequences responsible for controlling gene expression with respect to tissue specificity, temporal specificity and nitrogen regulation.
As a step towards this goal a genomic clone encoding a B 1 hordein polypeptide has been isolated and sequenced.
MATERIALS AND METHODS

Chemicals
All restriction endonucleases, T4 DNA ligase, DNA polymerase 1 (Klenow fragment), 2-deoxy and 2'3' dideoxy nucleotide triphosphates were from Boehringer, Mannheim (FRG), 0t-32p-ATP from New England Nuclear (USA).
Construction and screening of an Eco RI
barley library Barley DNA was isolated from immature endosperms of Hordeum vulgare c.v. Carlsberg II according to HoPP et al. (19) . The DNA was partially digested with Eco RI and the resulting fragments ligated to Eco RI, Hind III and Sal I digested ~. L47.1 DNA (23), in vitro packaged (17) and plated onto the rec BC-strain BJS183 (37) . The yield of recombinant phages was estimated, by plating onto a P2 host, to be 10 ~. tag' of ~ DNA. The library was screened according to BENTON and DAVIS (2) using the nick-translated pc hor2-4 (30) as a probe. Small or large scale preparation of phage DNA was according to MANIATIS et al. (26) . The isolated genomic clone was mapped by Southern blot hybridization analysis.
DNA sequencing by the dideoxy chain
termination method The hybridizing fragments found in the isolated genomic clone were subcloned in pBR 328 (8) using HB 101 as host. Restriction fragments from these subclones were isolated by agarose gel electrophoresis and inserted into the bacteriophage MI3 vectors (27) mp 8 and mp 9 and cloned by transformation of JM 101 cells. Random cloning was also performed from a restriction digest of the pBR 328 subcloned inserts. Media, strains, chemicals, gel preparation and sequencing of subclones by the dideoxy chain termination method were as described in (30, 32) except that the sequencing reactions were performed at 45 ~ The nucleotide sequence data was processed on a Honeywell DPS-8 using a program supplied by Dr. R. STADEN, MRC, Cambridge, England.
The universal primer for sequencing in M 13 was standardly used, except when sequences longer than 300 bp were to be determined. In 4 cases specific 14 mer oligonucleotides were synthesized by phosphoramidite chemistry on an Applied Biosystem 380A DNA synthesizer using the protocol supplied by the company. (Figure 1B ), corresponding in size to the two smallest Eco RI fragments seen in Southern blot analysis of Carlsberg II DNA using the same pc hor2-4 probe (Figure lA) . When the clone was digested with the restriction endonuclease Hind III only one fragment of 2.9 kbp hybridized to the probe, corresponding in size to one Hind III fragment in Carlsberg II DNA. Estimation of gene copy number for the Hor-2 locus from the Southern blot ( Figure 1A) indicates a gene family of more than 10 members. The hybridizing Eco RI and Hind III restriction fragments were subcloned in pBR328 and further mapping performed with combinations of different restriction enzymes. The derived map is shown in Figure 2 . Since the two Eco RI fragments and the Hind III fragment of the clone are similar in size to the fragments present in barley DNA we conclude that the cloned fragments have not been subjected to major rearrangements during the cloning procedure.
Nucleotide sequence determination
Restriction fragments from the 2.9 Hind IIl fragment generated by the enzymes Taq 1, Alu I, Rsa I, Sau 3A, Acc I and Eco RI were cloned into M I3 mp8 and mp9 and sequenced by the dideoxy chain termination method using the universal primer. Sequencing capacity in longer fragments was extended by priming the sequencing reaction with synthetic oligonucleotides. The obtained sequences were confirmed by restriction analysis and the fine map of the 1775 bp sequence, as well as the sequencing strategy, are shown in Figure 3 .
The 1775 bp sequence ( Figure 4 ) encodes a 271 amino acid long B1 hordein polypeptide. The 164 carboxy-terminal amino acids deducible from the clone are identical to those predicted by partial cDNA clone, pc hor2-4 (30). The latter clone was shown to code for a B 1 hordein polypeptide by alignment with six B I hordein peptide sequences established by automated Edman degradation (34) . The genomic clone is also identical with the cDNA nucleotide sequence with the exception of position 353, in which a C is found instead of an A. We conclude that the cDNA was copied from the mRNA of the the gene, X hor2-4, and that the latter is active in the developing endosperm. There is no resemblance to the first 17 amino acids predicted by the pc hor2-4 cDNA and we consider this portion &the clone to be the result of unfaithful reverse transcription.
Hordein polypeptides are synthesized on membrane-bound polysomes of the endoplasmic reticulum. These primary translation products are co-translationaUy transported and cleaved to yield mature hordein polypeptides which are 2 kD smaller than their precursors (3, There are in all 21 glutamine and 21 proline residues in these blocks, which are separated by one or two other amino acid residues. Six of the blocks are linked to their neighbour with phenylalanine, two with tyrosine and one with isoleucine. In the nine blocks the core sequence PQQP is preferred to other arrangements. This domain of 53 amino acids has thus a content of 78% glutamine and proline residues. In the amino acid sequence deduced from the following stretch of 492 nucleotides the frequency of glutamine and proline residues drops to 41% but they still tend to be organized in blocks separated by longer peptides containing other residues. In this domain 52 glutamines are associated with 18 prolines. It is to be noted that 7 of the 8 cysteine residues encoded by the gene are in this latter region and leucine and serine are frequent neighbours to glutamine residues. The 35 carboxy-terminal amino acids encoded by the gene lack glutamine residues and contain only 3 proline residues. Codon usage in the ~ hot2-4 gene is remarkable by the preferential use of the CAA codon for glutamine (74%) and the CCA codon for proline (77%) ( Figure 5 ). Otherwise the codon usage is not biased. The overall G-C content of the sequence is 44%. The coding region has a G-C content of 48% whereas the 5' and 3' non-coding regions have 37% and 41%, respectively. In the 5' non- Figure 7 ). All 4 sequences are-homologous but differ by a numo ber of nucleotide substitutions. In addition, all 3 cDNA clones have one triplet less than ~. hor2-4. In the 3' non-coding region a deletion of 27 nucleotides is apparent in clone pc hor2-8 relative to ~. hor2-4, pc hor2-5 and 2-7, whereas clone ~. hor2-4 suffers a smaller deletion of 11 nucleotides in comparison with the three cDNA clones. In relation to ~. hor2-4 the known parts of the coding regions for clones pc hor2-5, 2-7 and 2-8 have 39, 13 and 40 nucleotide substitutions, respectively, which results in 21, 13 and 14 amino acid substitutions. The four sequences thus encode 4 different B 1 hordein polypeptides.
DISCUSSION
The B hordein polypeptides from the endosperm of Carlsberg II barley have molecular weights from 30-38 kD, the most promi.nent polypeptides being B1 with -30 kD and B3 with -38 kD. Peptide sequence information is only available for the B 1 polypeptides (34) and since the 29 kD polypeptide encoded by the gene hot2-4 matches closely with the peptide information available we infer that the hor2-4 gene encodes a B1 hordein polypeptide. Peptide mapping of purified B hordein polypeptides (9, 18) suggests that the B 1 and the B3 polypeptides are closely related, but of different structure. We have failed to discriminate, even at stringent hybridization conditions (Tm -8 ~ between the two size classes of mRNAs (1200 and 1400 bases) (19) which should encode B1 and B3 polypeptides, respectively. On the other hand two cDNA clones pB7 and pB11 have been shown by hybrid release translation experiments to encode B3 and B1 hordein polypeptides, respectively (11). The clone pc hor2-8 ( Figure 7 ) aligns closely with the clone pB 11 and the clones pc hor2-5 and pc hor2-7 ( Figure 7) with the clone pB7. Our failure to discriminate among B1 and B3 mRNAs by hybridization thus reflects the high degree of homology between the different B hordein sequences.
Recently the sequence of another B1 hordein genomic clone, ~. HvBH 3.4, has been published (12) . ~. HvBH 3.4 was identified as a B 1 hordein gene firstly by virtue of its coding capacity and secondly by its close sequence homology to clone pB 11, a B1 hordein cDNA clone (11). ~, hor2-4, which also has a coding capacity for a B 1 hordein, shows a high sequence homology to )~ HvBH 3.4 over the 1775 bp that can be compared. The homology is greatest in the 5' flanking region with single nucleotide substitutions being less than 10%. In the coding region and 3' flanking region, pHvBH 3.4 aligns with cDNA pc hor2-8 (which is similar to pB11) and contains the same deletions with respect to the Z hot2-4 in the 3" flanking region (Figure 7 ). It appears that although 7, hor2-4 is closely homologous wit h pB7 it could not encode a polypeptide as large as a B3 hordein. A detailed comparison of the coding regions of the 2 B hordein genomic clones reveals the following differences. First, the gene )~ hor2-4 has a 69 bp deletion in the amino terminal domain 1, with the blocks of proline-glutamine residues, compared to HvBH3-4 resulting in a 23 amino acid shorter B 1 hordein polypeptide. This may indicate that insertions and deletions of such blocks in the amino terminal region are the major source of the size polymorphisms within the B hordein polypeptide family. Fifty-four additional nucleotide changes in the remaining coding region result in 24 amino acid substitutions. Seven of these substitutions change a neutral amino acid to a charged residue. Thus, point mutations in the second domain with the scattered glutamine-proline blocks may be the major reason for the charge heterogeneity (9) observed among B hordein polypeptides. The two genes are members of the hordein gene cluster and encode two different B1 hordein polypeptides. The remarkable sequence conservation observed i~ the 5' upstream and 3' downstream regions between the two B hordein genes is potentially of regulatory importance. Comparable extensive 5' upstream sequence homology has also been observed between 3 genes for pea legumin, and may reflect conservation of regulatory sequences for the coordinate expression of members of the gene families (25) .
Different variations of glutamine-proline blocks (Figure 4) are found in the amino-terminal part of the ct/[~ gliadin storage proteins of wheat (1, 29, 38) , The clustering ofglutamineproline blocks in the amino-terminal region is not a feature of maize storage protein, zein (20, 28) or the high MW glutenin of wheat (13, 39) .
Un-biased codon usage in the )~ hor2-4 gene, (exceptions CAA and CCA) is in sharp contrast to the codons used by the c~-amylase (31) and (1--->3,1---~4) - [3-glucanase (10) genes which are expressed in the aleurone of the germinating barley grain. These genes preferentially use C or G in the wobble position resulting in a remarkably high GC content in the coding region. The aleurone has the same developmental origin as the endosperm and is also active during grain filling (7) . The tRNA charging capacity in the grain may help to prevent expression of these two germination specific genes during grain development.
Examination of the 5' non-coding region reveals a typical TATA box, TATAAATA, which may act as a promoter, and several small repeats. Among these is the sequence, ACATG-TAAAG, which is repeated twice. Part of this sequence has been found by LVCET'r et al. (24, 25) in the 5' upstream region of the LegA, B and C genes in pea. The sequence is also present in the wheal et/[~ gliadin genes (29, 38) , the maize zein genes (20, 28) and a variant (TCTAAAG) in the wheal high MW glutenin gene (13, 39) . As noted (24) this sequence is highly homologous to the core sequence of the SV 40 enhancer (41) .
The lack of a transformation and expression system in barley prevents the use of deletion analysis and site-directed mutagenesis in )~ hor2-4, to study the importance of specific regulatory sequences in the 5' and 3' flanking regions. Transgenic expression has been achieved with the gene encoding the small subunit of ribulose bisphosphale carboxylase from pea in Petunia (4) and with the phaseolin gene from Phaseolus vulgaris in tobacco (35) . In both cases the foreign genes are expressed in the correct tissue under the developmental control of their own 5' flanking region. Similar attempts to express the k hor2-4 gene in tobacco may be initiated with the aim of characterizing regulatory sequences in the 5' and 3' untranslated region of the hordein gene. Systems are available for the in vitro transcription of cloned genes. It is tempting to use site-directed mutagenesis to introduce specific changes in the coding region of the hor2-4 gene. Reconstitution of these transcripts into 
